Abstract. The soil pollution is getting worse with the rapid development of industry in recent years, Heavy metals can ultimately affect human health through the food chain. So immobilization of heavy metals in soil is of great significance. Here, six single stabilizer and six composite stabilizers, including CaO, bone char (BC), Na 2 S, calcium superphosphate (SSP), sodium diethyldithiocarbamate (DDTC-Na) and FeSO 4 , were investigated to immobilize heavy metals and As in mine soil. Toxicity Characteristic Leaching Procedure (TCLP) was adopted to evaluate the stabilization effectiveness of the stabilizers on Pb, Zn, Cu, Cd and As, and the best stabilizers for simultaneously immobilizing Pb, Zn, Cu, Cd and As in soil were selected based on the TCLP results. The results in this study provide useful information for remediation of heavy metals contaminated soil.
Introduction
Soil is the indispensable material and irreplaceable resource for human society. However, human activities, such as metallic mine exploitation, urbanization construction and solid waste accumulation, have resulted in serious soil contamination (Acosta, et al., 2011 , Biswas, et al., 2015 . Among all the pollutants, heavy metals are easy to enter plant, animal and human tissues via inhalation, diet and manual handling which pose threat to the health of human being. Hence, conducting studies on the remediation of heavy metals contaminated soil is of great significance.
Currently, stabilization technology is one of the most cost-effective methods for pollution control of heavy metals contaminated soil (Cao, et al., 2009b , Liu, et al., 2015 . Materials containing phosphorus, sulfur and iron are the common stabilizer for the heavy metals in soil (Bolan, et (Cao, et al., 2003 , Basta and McGowen, 2004 , Brown, et al., 2004 , Cao, et al., 2009b , and especially exhibit the strongest stability for Pb; sulfur-containing materials can not only immobilize Pb, Zn, Cu and Cd, but also As in soil by forming arsenic sulfide precipitation (Hartley, et al., 2004 , Liao, et al., 2005 , Hinckley, et al., 2011 . Iron-containing materials have effective stabilizing capacity for As, whereas exert negative effects on stabilization of Pb and Zn in soil (Liao, et al., 2005) . As for combined heavy metal pollution, composited stabilizers are commonly used to remediate the contaminated soil because it could stabilize heavy metals with less dosage compared with the single stabilizers. Therefore, selecting optimal stabilizers (either single or composited) according to the pollution characteristics of soil is essential for effective remediation of heavy metal contaminated soil, thus possessing important practical significance for ecological recovery and human health protection.
In this study, the soil from a mineral slag dumping site in Dongjiang Lake area was selected as the research objective. Stabilization test towards heavy metals in the soil has been carried out using single stabilizers, including CaO, bone char (BC), Na 2 S, calcium superphosphate (SSP), sodium diethyldithiocarbamate (DDTC-Na) and FeSO 4 , as well as the composite stabilizers composed of these single stabilizers. Toxicity Characteristic Leaching Procedure (TCLP) was adopted to evaluate the stabilization efficiency of the stabilizer studied herein. The optimized stabilizers (single and composited) are selected based on the TCLP results, which could provide theoretical basis and technical support for pollution control of heavy metal contaminated soil in Pb/Zn slag dumping site within Dongjiang lake area.
Material and Methods

Soil
The surface (0-20 cm) soil (25°41′51.239″N, 113°18′58.651″E) were sampled from a mineral slag dumping site in Dongjiang Lake area, Qingjiang Village, Zixin City. The experimental soil was thoroughly mixed after plants root, leaf and other sundry were removed and air-dried, the soil was grinded within agate mortar, sieved through 2 mm nylon mesh. Prior to use, the soil was stored under indoor temperature. The major characteristics of the tested soil are listed in Table 1 . 
Stabilization Experiment for Single Stabilizers
Six single stabilizers, including CaO, BC, Na 2 S, SSP, DDTC-Na and FeSO 4 , were adopted to conduct the stabilization experiment. The BC used in the study was sieved through 0.15 mm mesh. The dosage for each single stabilizer was 0, 1, 3, 5, 7 and 10 g per 100 g dried soil, respectively. The single stabilizers were weighted and mixed with 100g soil in a 500-ml plastic cup. Then 40-ml deionized water was added into the mixture. Finally the cups containing samples were sealed with the gas-permeable membrane and then placed into a constant temperature incubator (25±2°C) for 30 days. To maintain constant soil moisture, the samples were weighted, and an appropriate mass of sterile deionized water was added every other day as needed. The air-dried soil samples, which have been stabilized for 30 days, were crumbled and sieved through a 0.15 mm mesh screen. Before further analysis, the soil samples were stored at -20 °C. Control group denoted as CK was set without addition of single stabilizers.
Stabilization Experiment for Composited Stabilizers
Six kinds (A-F) of composited stabilizers are studied, and the detailed composition of the stabilizers are shown in Table 2 . 
Chemical Determination and Data Analyses
The soil samples were digested with HNO 3 , HClO 4 and HF, and the heavy metals (i.e. Pb, Zn, Cu, Cd) and As in digestion solution were measured by an atomic absorption spectrometer (AAS) and an atomic fluorescence spectrophotometer (AFS), respectively (Vanhoe, 1993) . The extractable form of the heavy metals in the soils was extracted using TCLP method. Briefly, the extraction procedure was as follows: 1 g soil samples were weighed into 50 mL centrifuge tubes. Twenty milliliters of HAc solvent (pH 2.88±0.05) was added to each tube. The tubes were agitated at 30 r/min and 25 °C for 18 h. The extraction solution was separated from the solid residue by centrifugation at 3500 r/min for 15 min and then filtered through a 0.45 µm membrane. The heavy metals (Pb, Zn, Cu and Cd) and As in the filtrate were measured using AAS and AFS, respectively. The stabilizing capacity of the stabilizers was characterized by comparison of the heavy metals stability in soils with and without stabilizing treatment using equation (1-1) and (1-2):
η is the stability of the heavy metal "I";
C
(mg/L) and i C (mg/L) represent the concentration of the heavy metal "i" in extraction solution before and after stabilizer treatment, respectively.
In equation (1-2), η is the comprehensive stability of the major heavy metals in soil, and n is the number of the heavy metals in soil.
Statistical analysis was performed using SPSS 19 and Origin 8.5.
Results and Discussion
The Stabilizing Effectiveness of the Single Stabilizers
The six single stabilizers were amended into mine soil to investigate their stabilizing effectiveness on each metal (Pb, Zn, Cu,Cd) and As. The concentration of heavy metals and As extracted by TCLP from soil samples are given in Table 3 . As shown in Table 3 , except for FeSO 4 , all of the other five single stabilizers, especially CaO and BC , can effectively decrease the Pb concentration in TCLP leachate. The concentration of TCLP-extractable Pb decreased as the dosage of the stabilizer increased from 0% to 10% (w/w). As the dosage of CaO and BC reached up to 10% (10 g/100 g, w/w), the stabilization effieciency of Pb in soil increased to 96.21% and 83.67%, respectively. This finding is likely due to the fact that BC with large specific surface area has high content of phosphate/carbonate and oxygen-containing functional groups (i.e. carboxyl and phenolic hydroxyl) on its surface. These characteristics contributed to BC's strong sorption capacity and stability for heavy metals in soils, especially for Pb, and facilitated to form much more stable substance-pyromorphite (Ma, et al., 1993 , Ma, et al., 1994 , Zhu, et al., 2004 . The CaO can greatly enhance the soil pH. This promoted the combination of Pb 2+ and OH -in soil, finally forming hard dissolve compound and reducing the lability of Pb. Therefore, it can be concluded that addition of BC and CaO with appropriate amount can guarantee the strong Pb stability in soil (Hartley, et al., 2004) .
As for Zn, except for FeSO 4 , all of the other five single stabilizers, especially CaO and Na 2 S , can effectively decrease the Zn concentration in TCLP leachate, thereby enhancing the Zn stability in soil. As the dosage of CaO and Na 2 S in soil increased from 0% to 10% (w/w), the Zn concentration in TCLP leachate decreased from 25.67 to 7.16 mg/L and from 15.57 to 4.89 mg/L, respectively. When both the dosage of CaO and Na 2 S reached up to 10% (10 g/100 g, w/w), the Zn stabized in CaO/Na 2 S-amended soil was respectively increased to 74.28% and 82.44% compared with that in non-amended soil. The S 2-produced by the Na 2 S dissolution can combine with metallic cations (i.e. Zn 2+ ) and from hard dissolve compound, which most likely contributed to the increased stability of Zn in the presence of Na 2 S. Similar with Pb, the enhancing soil pH caused by CaO addition may also be the major mechanism for its stabilizing capacity for Zn.
In the case of Cu, except for FeSO 4 , all of the other five single stabilizers decrease the Cu concentration in TCLP leachate with different degree. Among the six single stabilizers, DDTC-Na exhibits the highest stabilizing capacity for Cu in soil. The concentration of TCLP-extractable Cu in leachate cannot be detected. The high stabilizing capacity of DDTC-Na for Cu may be attributed to DDTC-Na's sulfo-functional group (i.e. -N-C=S, -O-C=S and -C-P=S), which can easily chelate heavy metals, especially with Cu.
As for Cd, except for FeSO 4 , all of the other five single stabilizers decrease the Cd concentration in TCLP leachate with different degree. When the dosage of CaO and BC was 5% (5 g/100 g, w/w), the Cd stability in CaO/BC-amended soil was increased by 61.76% 73.53% compared to the non-amended soil. By contrast, at the highest dosage (10%, w/w), the Cd stability was increased by 73.53% at most for stabilizer Na 2 S and 57.06% for stabilizer DTCC-Na. SSP almost had no stabilizing capacity for Cd. Among the six single stabilizers, BC exhibited the highest stabilizing capacity for Cd in soil, and the optimal dosage of BC is 5% (5 g/100 g, w/w). Phosphate and carbonate released from BC can stabilize heavy metals through co-precipitation, and meanwhile enhance the soil sorption capacity for Cd 2+ by increasing the soil electronegativity (Cao, et al., 2009a) . Moreover, the well-structure surface pore of BCcoal may enable it provide additional sorption sites for the Pb complex. These mechanisms are likely contributed to the high stabilizing capacity of BC for Cd.
In the case of As, FeSO 4 can effectively decrease its concentration in TCLP leachate. The concentration of TCLP-extractable As decreased from 0.26 to 0.02 mg/L with the FeSO 4 dosage increasing from 0% to 7%. The As stability was enhanced by 92.31% when the FeSO 4 dosage got to 7% (7 g/100 g, w/w). On the contrary, the addition of FeSO 4 decreased the stability of Pb, Zn, Cu and Cd in soil. Comparing the different effectiveness of FeSO 4 on heavy metals and As, it can be deduced that FeSO 4 had exclusive stabilizing capacity for As (Moore, et al., 2000 , Carlson, et al., 2002 . Other single stabilizers including CaO and Na 2 S also presented high stabilizing capacity for As in soil. Instead, BC, SSP and DTCC-Na increased the concentration of As extracted by TCLP, and this indicated that the addition of these single stabilizers would exert negative effect on the As stability.
For all the heavy metals (Pb, Zn, Cu and Cd and As), the comprehensive stability obtained by optimal treatment with each single stabilizer was shown in Fig. 1 . Considering the comprehensive stability, CaO is the best single stabilizer and its optimal dosage is 3% (3 g/100 g, w/w). The stability of Pb, Zn, Cu, Cd and As in CaO-amended soil respectively increased by 73.82%, 38.11%, 75.00%, 42.94% and 57.69% in comparison to that in non-amended soil at dosage of 3%. Figure 2 . The comprehensive stability obtained by optimal treatment with each composited stabilizer. Table 4 illustrates the effectiveness of the composited stabilizers on stability of heavy metals and As in soil. The composited stabilizer A (BC+Na 2 S, 3:1) followed by F (CaO+DTCC-Na, 3:1) exhibited highest stability capacity for Pb in soil. Compared with the CK group, the Pb stability in soil amended with stabilizer A (BC+Na 2 S, 3:1) and F (CaO+DTCC-Na, 3:1) was increased by 99.05% and 89.98%, respectively. The composited stabilizer A (BC+Na 2 S, 1:3) followed by F (CaO+DTCC-Na, 3:1) showed the best heavy metal stabilization effects on Zn and obviously have higher Zn stabilizing capacity than the other composited stabilizers. The soil pH was 5.11 and 6.86 before and after stabilization by stabilizer A, respectively. Compared with the CK group, the Zn stability in soil amended with stabilizer A (BC+Na 2 S, 1:3) and F (CaO+DTCC-Na, 3:1) was increased by 84.41% and 52.55%, respectively.
The composited stabilizers containing DTCC-Na (i.e. B, D and F) performed better stablizing effect on Cu than other composited stabilizers. The Cu extracted by TCLP from soil amended with B, D or F has not been detected.
The composited stabilizer B (BC+DTCC-Na, 3:1) followed by F (BC+ Na 2 S, 1:3) presented highest stability capacity for Cd in soil, enhancing the Cd stability by 87.65% and 81.76%.
The composited stabilizer E (CaO+FeSO 4 , 3:1) followed by D (DTCC-Na+FeSO 4 1:3) can effectively stabilize As in soil, enhancing the As stability by 76.92% and 65.38%, respectively. Fig. 2 shows the comprehensive stability obtained by optimal treatment with each composited stabilizer. From Fig. 2 , it can been seen that the composited stabilizer A (BC+Na 2 S, 3:1) can most effectively stabilize both the heavy metals and As in soil. The stability of Pb, Zn, Cu, Cd and As in soil can be enhanced by 99.05%、84.41%、64.29%、81.76% and 11.54%, respectively.
Conclusions
The CaO, bone char (BC), Na 2 S, calcium superphosphate (SSP), sodium diethyldithiocarbamate (DDTC-Na) single stabilizer can stabilize multiple metals (Pb, Cu, Zn and Cd) in mine soil with different extent. The single stabilizer CaO, Na 2 S, DTCC-Na and BC exhibited the highest stabilizing capacity for Pb, Zn, Cu and Cd, respectively. FeSO 4 had exclusive stabilizing capacity for As in soil. Other single stabilizers including CaO and Na 2 S also had high stabilizing capacity for As. Instead, BC, SSP and DTCC-Na would exert negative effect on the As stability. The CaO at 3% addition dosage is the best single stabilizer for simultaneously stabilizing Pb, Zn, Cu, Cd and As in mine soil. Further study demonstrated that the composited stabilizer A (BC+Na 2 S, 3:1) is the most effectively stabilize for both the metals and As in mine soil.
